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In solving numerous applied problems, one needs to know the equation of state, photon absorption coefficient and opacity 
of substances employed. We present a code for absorption coefficient and opacity calculation based on quantum statistical 
model. A self-consistent method for the calculation of potential is used. By solving Schrödinger equation with self-consistent 
potential we find energy spectrum of quantum mechanical system and corresponding wave functions. In addition we find mean 
occupation numbers of electron states and average charge state of the substance studied. The main processes of interaction of 
radiation with matter included in our opacity calculation are photon absorption in spectral lines (Bound-bound), photoionization 
(Bound-free), inverse bremsstrahlung (Free-free), Compton and Thomson scattering. Bound-bound line shape function has 
contribution from natural, doppler, fine structure, collisional and stark broadening. To illustrate the main features of the code and 
its capabilities, calculation of average charge state, absorption coefficient, Rosseland and Planck mean and group opacities of 
aluminum and iron are presented. Results are satisfactorily compared with the published data. 
 
Introduction 
Accurate calculation of radiative properties of hot 
dense plasma at different density and temperature 
conditions are required for hydrodynamic simulations 
and spectroscopic diagnostics. These calculations 
are required for many research areas such as inertial 
confinement fusion, Z-pinch and astrophysics. As a 
rule, average charge state and photon absorption 
coefficient data must be available in the wide range 
of density and temperature. In this regard, extensive 
calculations need to be performed.  
Thomas Fermi model gives reasonably good re-
sults at high temperatures (T~1KeV). The TF model 
is very simple and based on the semiclassical de-
scription of electrons. But at low densities, radial 
electron density based on TF potential is not consis-
tent with the radial electron density resulting from 
radial wave function. This discrepancy can be over-
come by using Hartree-Fock (HF) and Hartree-Fock-
Slater (HFS) methods for the calculation of wave 
functions. 
The model used in the present paper is based on 
the average atom approximation. At high tempera-
ture, this approximation is widely used to describe 
the state of matter. The average atom model is em-
ployed to calculate the average occupation numbers 
of energy levels of a fictitious average ion assuming 
LTE conditions. 
OPAQS is a code conceived to compute average 
charge state, occupation number, absorption coeffi-
cient, Rosseland and Planck mean and group opaci-
ty of hot dense plasma. It can deal with one compo-
nent plasma under LTE conditions. In the code, 
computation starts with the guess potential and elec-
tron density which are provided by Thomas Fermi 
using double sweep method. Schrödinger wave equ-
ation with self-consistent potential is solved numeri-
cally using power series method. The solution of 
Schrödinger equation gives radial wave functions, 
energy levels data, mean occupation numbers and 
average ionization. The details of the model will be 
published separately. 
Once the average charge state, energy levels 
and occupation numbers have been determined, the 
total spectrally resolved opacity is calculated as the 
sum of photoexcitation (bound-bound), Photoioniza-
tion (bound-free), inverse bremsstrahlung (free-free) 
and scattering processed. 
, 
where k is the cross section of the different 
processes. 
We calculate bound-bound, bound-free and free-
free coefficients for the configuration resulting from 
the average atom model with the help of formula-
sused in Ref. [1-3]. For the scattering coefficient, the 
Thomson cross section is used and only scattering 
due to free electrons is considered [3]. 
The Rosseland and Planck mean opacities are 
calculated by integrating the absorption coefficient 
over the photon energy. Rosseland mean opacities 
are of interest in optically thick plasmas and Planck 
mean opacities are important for optically thin plas-
mas. 
 
Results and Discussion 
In order to determine the reliability of code, com-
parison with available trustworthy experimental mea-
surements is necessary. In case of unavailability of 
experimental data, alternate choice becomes the 
comparison with extensive and well-received models 
and computer codes. To ascertain confidence of our 
model, we have compared our results with LEDCOP 
because of its availability and extensive research. 
In order to check the accuracy of the computed 
results, average charge state and opacities results 
for aluminium and iron plasma are computed at dif-
ferent temperature and densities. 
 
Average Charge State 
For the verification of our code, results for aver-
age charge state of aluminium and iron plasmas at 
various plasma conditions are compared with litera-
ture [5]. In the literature, different codes are available 
based on different physical model for atomic data 
and absorption coefficient. Comparative study is pre-
sented in Table 1&2. Inspite of different physical 
models and different computational techniques used 
in different codes [5], our code shows good compari-
son. Table 1&2 show that our results are in excellent 
agreement for aluminium and iron. For iron there is 
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small deviationat 1000 eV temperature and 1 g/cc 
density where we are predicting slightly higher value. 
 
Table 1. Comparison of Average ionization values for alu-
minium plasma computed at a matter density of 1g/cc and 
temperature T=500 eV and T=1000 eV.  
Code T=500 eV 
 
T=1000 eV 
 
CASSANDRA 12.25 12.87 
CORONA 12.14 12.8 
LEDCOP 12.33 12.88 
OPAL 12.31 12.88 
THERMOS 12.28 12.88 
ATMED 12.26 12.88 
OPAQS 12.312 12.878 
 
Table 2. Comparison of Average ionization values for Iron 
plasma computed at different temperatures and densities. 
Code 
 
ρ=1 g/cc 
 
ρ=0.0127  
g/cc 
 
ρ=7.86  
g/cc 
 
500 eV 
 
1000 eV 
 
59 eV 
 
200 eV 
 
CASSANDRA 22.32 23.91 12.49 14.68 
CORONA 21.96 23.67 12.93 13.22 
LEDCOP 22.68 23.94 12.83 14.42 
OPAL 22.53 23.86 12.79 13.37 
THERMOS 22.35 23.91 12.79 14.13 
ATMED 22.29 23.87 12.94 14.17 
OPAQS 22.41 23.97 12.89 14.42 
 
Frequency-dependent Opacity 
Figure 1 gives details of absorption Coefficient for 
iron with 1 g/cm³ density and 500 eV temperature, 
showing the contribution from free-free transitions 
(dash line) and the contribution from bound-free plus 
free-free transition (dash-dotted line) in addition to 
total absorption coefficient (solid line). Thomson scat-
tering is included in all cases. Figure 1shows that in 
the low photon energy range (<0.2 keV), inverse 
bremsstrahlung contributes mainly to opacity. This is 
because photon energy is not high enough to excite 
or ionize the atom so energy is utilized fully through 
inverse bremsstrahlung. In photon energy range 
~0.2-2 keV dominant mechanism of absorption in 
determining opacity is line absorption which means 
that now photons are energetic enough to excite the 
electrons. Beyond 2 keV photons have enough ener-
gy to ionize the atom and ionization edges appear in 
the opacity trend. Ionization edges are still accompa-
nied by peaks that show various excitations taking 
place along with ionizations. At ~100 keV almost all 
the atoms become fully ionized so contribution of all 
three major phenomena i.e. bound-bound, bound-
free and free-free ceases and the only contribution 
left is Thomson scattering. Further increase in pho-
ton energy does not change the trend of opacity and 
we have a constant value corresponding to scatter-
ing only. 
For opacity validation graphical comparison of 
our model is done with LEDCOP code in Fig. 2(a- d) 
 
Fig. 1. Extinction Coefficient for Iron at 1 g/cc density and 
500 eV temperatures. The solid line represent total extinc-
tion coefficient, dash-dotted line shows the result without 
bound-bound contribution, and dash line gives the results 
without bound-bound and bound-free contribution. 
for iron at 1 g/cc density and different temperatures. 
To illustrate the effect of including different broaden-
ings on frequency dependent opacities, we consi-
dered two cases. In the case-I, only Natural and 
Doppler broadenings are included (blue curve). In 
the case-II, three additional broadening phenomena 
i.e. collisional, fine structure and stark broadenings 
are also included (red curve). Fig. 2(a-d) depicts that 
effect of broadening is dominant in the photon ener-
gy range < 2 keV and beyond this point difference is 
not drastic. The difference in our results with LED-
COP may be due to use of Lorentzian profile in our 
calculation which is a good approximation for hot 
plasmas [7]. The best choice of line profile that in-
cludes the behavior of all broadenings is voigt profile 
but because of its computational complexity and time 
consumption we have not included it in recent work. 
Fig. 2(a-d) shows that LEDCOP has more number of 
peaks then our results, this difference could be due 
to LEDCOP considers all the ionization stages in its 
calculations and hence its results contain more num-
ber of peaks [7]. 
 
Frequency Averaged Opacities 
In Table 3 we present our values of Rosseland 
and Planck mean opacities and average charge state 
along with LEDCOP and ATMED code data [5]. Ta-
ble 3 shows that higher the temperature, the better 
the agreement between opacities. However at low 
temperature our model is predicting higher values 
which may be due to average atom approximation 
which has some discrepancy in describing the ener-
gy levels correctly as compared to detailed level cal-
culation. Secondly, we have omitted LS splitting and 
configuration interaction which lead to difference in 
atomic data which is implied in the opacity calcula-
tions. 
In Table 4 we present our Rosseland mean opac-
ity results for aluminium at density of 1.0 g/cc and 
different plasma temperatures consecutively [5]. Our 
results are very close or within the experimental error 
bound except at 500 eV temperatures where we are 
predicting lower values. 
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Fig. 2. Frequency dependent opacities computed with 
LEDCOP and OPAQS for an Iron Plasma at different densi-
ties and temperatures:  (a) 250 eV, (b) 500eV, (c) 800 eV, 
(d) 1250 eV. 
 
 
Fig. 3. Planck and Rosseland mean opacities versus tem-
perature for Eu at 0.1 g/cm
3
.  
Table 3: Comparison of Rosseland, Planck and Average 
charge state for Iron at 1 g/cc density and different tempera-
tures. 
 
CODES 
T(eV) 
250 500 800 1250 
Rosse-
land 
Opacity 
(cm2/g) 
LEDCOP 908.30 74.97 7.12 2.14 
ATMED 1063.60 62.88 6.32 1.79 
OPAQS 1716.54 71.12 8.80 2.72 
Planck 
Opacity  
(cm2/g) 
LEDCOP 2745.00 306.50 46.51 30.69 
ATMED 3223.90 348.49 64.78 62.86 
OPAQS 3403.24 200.76 74.28 52.18 
Average 
charge 
state 
LEDCOP 17.71 22.58 23.49 24.65 
ATMED 17.83 23.07 23.83 24.80 
OPAQS 17.98 22.79 23.73 24.91 
 
We have analyzed the effect of increasing the 
temperature on the opacity of europium plasma in 
Fig. 3(a-b). Both the Rosseland and Planck opacities 
show decreasing trend with temperature. The reason 
of this decreasing trend is that with the increase in 
temperature average ionization of plasma increases, 
which means that now there are fewer number of 
occupied shells. The lesser number of bound levels 
results in decreasing the bound-bound and bound- 
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Table 4. Rosseland mean opacity computed for aluminium 
plasma at 1 g/cc density and different temperatures. Table 
is taken from Ref. [5]. 
T(eV) 500 750 1000 1250 
TF 40.5 9.09 2.09 0.83 
OPAL 59.3   2.13   
HOPE 53.1   1.92   
THERMOS 46.1 10.3 2.14 0.83 
ATMED 45.02 10.32 2.23 0.85 
OPAQS 32.04 13.26 2.65 0.97 
EXPERIMENTAL 51±8 13±2 2.9±0.4 1.1±0.2 
 
free contributions which strongly need bound elec-
trons for their absorption. The free-free absorption 
occurs in the field of ions and has very small proba-
bility at high temperatures.The only remaining pro-
cessis scattering which gives a small constant contri-
bution to opacity. Thus all the major contributing 
processes to opacity become small and the overall 
effect of increasing the temperature results in de-
creasing the opacity [20]. 
Conclusions 
In this work, we have presented a new opacity 
code OPAQS, based on average atom model under 
LTE condition for single element. OPAQS is capable 
of calculating occupation number, average charge 
state and mean and group opacities. Our code gives 
adequate values of charge state and mean opacities, 
being competitive with results from more sophisti-
cated model LEDCOP. Effects of different line 
broadenings have also been studied.  
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ИМПУЛЬСНОГО МОЩНОГО ИОННОГО ПУЧКА 
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пр. Ленина, 30, Томск, 634050, Россия, nurkenaktaev@gmail.com, remnev06@mail.ru 
 
В работе изучается импульсное воздействие мощного ионного пучка на кремниевую мишень. Показано, что в ре-
зультате этого воздействия формируется большой температурный градиент в приповерхностной области мишени, вы-
зывающий диффузию атомов углерода, адсорбированного на кремниевой поверхности. Установлено, что значение 
концентрации диффундирующего углерода вглубь мишени на несколько порядков превосходит типичное значение кон-
центрации, характерное для имплантированных ионов.   
 
Введение 
Воздействие импульсных мощных ионных пуч-
ков (МИП) [1] на материалы представляет инте-
рес как для исследований в области инерциаль-
ного термоядерного синтеза [2] и поведения ма-
териалов при экстремальных воздействиях, так и 
с точки зрения модифицирования материалов [3-
5]. Изменяя величину потока энергии в МИП, 
можно реализовывать различные режимы обра-
ботки материалов: с формированием абляцион-
ной плазмы, с оплавлением поверхности и без 
оплавления поверхности при потоке энергии ме-
нее 10
7 
Вт/см
2
 [4]. Последний случай – это режим 
короткоимпульсной имплантации, который сопро-
вождается одновременным отжигом дефектов, 
создаваемых имплантируемыми ионами. Этот 
режим реализуется при определенной величине 
потока энергии, числе импульсов и скважности [4, 
6]. Действие МИП в режиме короткоимпульсной 
имплантации сопровождается быстрым нагревом 
и остыванием материала мишени. В работе [7] 
использовался импульсный ионный пучок для 
отжига дефектов, формируемых при импланта-
ции. Варьируемое число последовательных им-
пульсов может в значительной степени изменять 
профиль распределения примесных атомов и 
дефектов. В качестве примесных атомов рас-
сматриваются атомы углерода, адсорбируемые 
на поверхности образцов при не очень высоком 
вакууме (~10
-4 
Торр) и диффундирующие вглубь 
образца. Исследованию режима формирования 
концентрационного профиля углерода при воз-
действии определенного числа импульсов тока 
мощного ионного пучка посвящена данная статья.  
 
